A steam power plant can run at off-design due to change of ambient conditions or load demand. This needs to study how part-load affects the power plant performance. In this paper, the results of energy and exergy analysis carried out on a 65 MW Derna steam power plant in Libya at part load conditions are presented. The article aims to identify the magnitude, location and source of thermodynamic inefficiencies in the steam power plant at part loads. The performance of the plant was estimated by a component-wise modeling and a detailed break-up of energy and exergy losses for the considered power plant. The required outputs (power, heat and exergy destruction) of the various components and for the whole plant were assessed and calculated using mass, energy and exergy balance equations of the developed model. Based on this model, a computer program was written and used to investigate the performance of the power plant. According to the results, for full and part loads, the largest amount of energy loss occurs in the condenser and the least occurs in the boiler. In terms of exergy, the major exergy destruction was found to be maximum in the boiler, followed by the turbine, and then the condenser. The results revealed remarkable dependency of overall energy and exergy efficiencies, total exergy destruction ratio, heat rate and specific fuel consumption on the change in the load of the power plant. In conclusion, the results show how energy and exergy have been used to locate places of inefficiencies in the power plant operating at different loads.
INTRODUCTION
A steam power plant is a complex assembly of various components and the design operation theories of these components are complex. They often run at off-design conditions due to change of load. Therefore, when evaluating the overall performance of the power plant, it is important to account for all operating conditions that can be encountered. Furthermore, the merit of the steam power plant system should be determined using exergy analysis because energy analysis tends to overestimate performance [1] . It is known that the most effective way to use energy more efficiently is through the energy and exergy analysis [2] . Exergy can be defined as the maximum useful work that can be obtained from the system [1, 2] . The exergy analysis method is based on second law of thermodynamics. Therefore, it is used to see the various losses qualitatively as well as quantitatively for the design and analysis of energy systems. On the other hand, energy analysis is based on the first law analysis, which does not give the qualitative assessment of various losses occurring in the individual component of the power plant [3] . Therefore, exergy analysis can be used to determine the location, type and true magnitude of exergy destruction or loss in system performance.
The use of energy and exergy analysis in thermal power plants has been discussed and performed by many researchers. Dincer and Al-Muslim [4] analyzed a Rankine cycle reheat steam power plant to study the energy and exergy efficiencies at different operating conditions with varying boiler temperature, boiler pressure, mass fraction ratio and work output from the cycle. Regulagadda et. al. [5] used the exergy analysis for a thermal power plant with measured boiler and turbine losses. Rana and Mehta [6] presented the energy and exergy analysis of fully condensing steam turbine at various steam load conditions. Exergy analysis of using design data of an actual power plant was done by; Fallah [7] in Libya, Aljundi [8] in Jordan, Regulagadda et al. [9] in India, Ousueke et. al. in Nigeria [10] and Rashad and El-Maihy in Egypt [11] . They presented a parametric study to determine how the system performance varies with different operating parameters using commercial software. They analyzed the system components separately, identified and quantified the sites having largest energy and exergy losses at different operating conditions. They found that the highest exergy losses take place in the boiler, while the highest energy losses occur in the condenser. They also showed that the overall energy and exergy efficiencies of the power plant decrease with the decrease in power plant load or an increase in ambient temperature.
However, in the published literatures, the effect of part-load operation on the performance of steam power plant using exergy concept has not been studied widely. If so, most of the analysis presented in these literatures was done with the mass and energy balance commercial software. Therefore, the primary objective of this work is to develop and demonstrate a mathematical model which takes into account the off-design operation of the whole plant and its components. The secondary objective is to perform energyexergy analysis on an actual steam power plant at different loads. In addition to these studies, sites of energy loss and exergy destruction will be determined.
POWER PLANT DESCRIPTION
The schematic diagram of the thermal power plant is presented in Fig. 1 . This plant is installed in the Derna power station located in Derna city (north west-Libya). The power plant has a total rated capacity of 65 MW. It was designed and built in 1980 by BBC [12] . The only, plant components that strongly effect the operation of the system under the study are considered. Thus, the real plant structure is simplified by omitting some of its insignificant flows and components such as steam seals and ejectors, flue gases drought system, air heater and stand by flows and components. This unit employs regenerative feedwater heating system with three stages of extraction points. 
ENERGY AND EXERGY ANALYSIS
In order to perform the energy and exergy analysis the following assumptions are considered: -All processes are assumed as steady-state and steady flow.
-The kinetic, potential and chemical exergy are neglected.
-The dead state was considered as po=1.0131 bar and To=25 ºC.
-The inlet cooling water and turbine steam temperatures were kept constant.
-The part-load control method is the control of the fuel supply in the boiler.
-The overall conductance (UA) for heaters and condenser were kept constant.
-Saturate liquid at the shell side of the LPH and HPH outlets.
-The auxiliary power is equals the electrical power consumed by the all water pumps.
For an open system and taking into account the indicated assumptions, the mass, energy and exergy balance equations can be expressed as [1, 2, 14 and 15]:
Mass balance equation:
Energy balance equation:
exergy balance equation:
Modelling
With regard of the Fig. 1 , each component in the power plant was considered as a control volume and analyzed separately. The mass, energy and exergy balances for each control volume at steady state can be expressed, respectively by:
Steam Generator Model
The boiler efficiency is obtained from performance test data of the considered plant [12] . The curve fitting was used to obtain an equation for calculating the boiler efficiency at varying boiler loads. The equation is as:
The reference condition with index (r) is considered as the design condition in this study, and EN2 is the energy supplied by fuel in the boiler 2 = ṁ · (7)
Steam Turbine Model
19 = ṁ 4 ℎ 4 − ṁ 5 ℎ 5 − ṁ 6 ℎ 6 − ṁ 7 ℎ 7 − ṁ 8 ℎ 8 (10)
The pressure at an inlet to the turbine stagegroup is calculated using the relation by [13] 
The expansion efficiency of a turbine stagegroup for a dry region at varying operating conditions (ηdry) is calculated using [13] : 
The expansion efficiency of a turbine stagegroup for a wet region (ηwet) is given by [13] :
Where hf and hfg are the saturated liquid and evaporation enthalpies respectively, and xin and xout are the steam dryness fraction at inlet and outlet of turbine-stages.
The outlet enthalpy from a turbine stagegroup at dry region (hout)
and at wet region 
Condenser Model

High Pressure Heater Model
Steam side:
Water side: 
Pressure drop in Pipes
The pressure drop in pipes of the cycle's components is calculated from
Overall Plant Performance Model
The gross electrical power output (P20) produced:
The net electrical power output P22 :
Where P21 is the auxiliary electrical power required to drive the water pumps in the power plant cycle and is given by:
The overall energy efficiency or first law efficiency of the power plant (ηI):
The heat rate (HR) of the power plant (HR) is computed by:
The specific fuel consumption (SFC) of the power plant is determined by;
The value of physical exergy flow rate (for water and steam) at various state points in the cycle can be calculated by the following equation [1] :
where hi and si are the enthalpy and entropy of the substance (i) respectively, and h0, s0 and T0 are those at standard ambient conditions. With using this equation (62) for determined all points, the values of exergy flow rates are calculated. Also, having of input and output exergy flow rate amount of each power plant components, the exergy destruction rate in each component can be calculated with using relations shown above.
Total exergy destruction rate in the whole power plant is given as:
The exergy destruction ratio (EXDRi) for each component can be compared to the fuel exergy input to the cycle, and written as:
The total exergy destruction ratio of the plant is given by:
The overall exergy (second law efficiency) of the power plant (ηII) is given as:
Where, EXfuel is the exergy supplied by fuel and is given by [2] :
ANALYSIS PROCEDURE
For the whole system model, since the calculations need the fluid parameters (such as the condenser pressure and flow rates), which are not known at the beginning of the part-load calculation, a set of initial parameters has to be assumed in order to run the system model until convergence is met eventually. Thus, the following calculation method is considered. At the beginning mass flow rates are estimated. With this method, calculation starts at an appropriate point of the cycle with estimated values. In our case, the calculation started with the condenser. The cycle is then calculated unit after unit following the direction of mass flow. With this estimate all thermodynamic properties are calculated. By setting up and solving the mass and energy balance equations improved values for the mass flow rates obtained. These steps are repeated until the solution reaches the required accuracy.
A computer program was constructed based on the thermodynamic model discussed in the previous section to predict the steam power plant performance at different loads. The externally input data are design data (Table 1) and boiler-load (ranges from 50% to100%). With these inputs, the program will enable the operating point of each power plant component inlet and outlet properties to be found. The thermodynamic performance as net power output, energy and exergy efficiencies, heat rate, specific fuel consumption and exergy destruction rate in each component of the plant are then calculated using these properties values. The program contains the following models: These operations are repeated for each iteration step till no significant improvement in the solution is noticed. Next, the parameters defined by MPP model are determined. Figure 2 shows detail of the calculation algorithm of the program. 
RESULTS AND DISCUSSION
In this study, a detailed energy and exergy analysis of the Derna steam power plant is performed at different loads. The thermodynamic properties of water and steam at indicated nodes in Fig. 1 were computed. The mass, energy and exergy flow rates at each component were calculated using these data. The obtained results at full load operation are summarized in Table 2 Figures 3 and 4 show the detailed energy and exergy balance of the considered power plant at full operating load. There is a striking difference in the composition of the represented energy and exergy balances. Figure 3 shows that the condenser has the most energy losses in power plant. Figure 4 shows that the boiler has the most exergy losses in power plant. These figures illustrate the difference between energy and exergy analysis. It has been found that the exergy analysis has enabled the identification of the causes of process inefficiencies in detail when compared to the energy analysis.
Exergy destruction and exergy destruction ratio at different loads are summarized in Table 3 for all components present in the power plant. It was found that the exergy destruction and exergy destruction ratio of the boiler is dominant over all other irreversibilities in the cycle at all part loads. The variation of power output with load is shown in Fig. 5 . The obtained variation is 34.05 MW for the load variation of 50%. The variation of the overall energy and exergy efficiencies and total exergy destruction ratio is presented in Figure 7 . It shows that, a decrease in overall energy and exergy efficiencies and an increase in total exergy destruction ratio with decrease in load. It is evident from this Figure that operation of the power plant below the designed capacity results in the significant increase of irreversibilities. The increase in total exergy destruction ratio is attributed to the increase in irreversibilities in the power plant components. At 50% load, the analysis shows a drop in overall energy and exergy efficiencies of 2.0 %, 1.9 % respectively, while the total exergy destruction ratio increases from 69.1 % to 71.0%. These results are in a good agreement with findings reported by Suresh et al. [9] . The variation in the exergy flowrates of the turbine extraction points at the different loads is shown in Figure 9 . It is seen that, the exergy flow-rates decrease with the reduction in boiler-load. The decrease in exergy flow-rates is due to the decreased mass flow rates of the steam through turbine stages. 
CONCLUSIONS
In the present work, energy and exergy analysis has been carried out for an actual steam power plant at part load conditions. For each component in the power plant and for the overall power plant, the exergy destruction and exergy destruction ratio are computed in different loads ranging from 50% to 100% of the design load. Moreover, the overall energy and exergy efficiencies, heat rate and specific fuel consumption of the total cycle were obtained. The following are the main conclusions of the present work:
1-The energy losses are associated mainly with heat rejected in condenser and stack whereas exergy losses (useful energy losses) are dominated by the losses in steam generator unit and turbine at full and part loads.
2-The steam generator is the major source of irreversibilities in the power plant at full and part loads. This is due to higher fuel exergy and chemical reactions of fuel with air, and heat transfer inside the steam generator unit.
3-By reducing the load, the total exergy destruction ratio is increased and causes a decrease in the overall exergy efficiency. This point may imply that the power plant achieves minimum exergy destruction ratio and maximum exergy efficiency at its design rated load.
4-The energy and exergy efficiencies decrease by 2.0 % and 1.9 % respectively, at 50% load when compared with values at full load.
Finally, the results reveal that the energy and exergy efficiencies, exergy destruction, power output, heat rate and specific fuel consumption depend on the power plant operating load. The present study has enabled us to identify and quantify the sites having largest energy and exergy losses in a 65 MW steam power plant operating at different loads.
